INTRODUCTION
============

Poly(3,4-ethylene dioxythiophene) (PEDOT) is one of the most chemically stable conjugated polymers and can show high conductivities (more than 3000 S/cm in certain cases) ([@R1], [@R2]). PEDOT has been widely used in applications such as energy conversion and storage, organic light-emitting diodes, electrochemical transistors, and sensing ([@R3]). In recent years, PEDOT has been used as the direct interfacing material between neural tissue and a variety of electronic biomedical devices ([@R4]--[@R9]). When electrochemically deposited onto solid microelectrodes (typically made of gold, iridium, and platinum), PEDOT turns the metallic surface into a soft, conformal, and high--surface area organic interface that supports both electron and ion transport ([@R10]). With PEDOT coatings on the electrodes, the performance of biomedical devices, both in vivo and in vitro, is significantly improved ([@R11]--[@R13]). The versatile organic chemistry of these coatings also allows for construction of nanostructures with templates ([@R14]) and codeposition or modification with biologically active substances such as anti-inflammatory drugs or cell growth factors to modulate tissue responses after implantation ([@R13], [@R15]--[@R18]).

However, in some cases, the low mechanical stability and relatively limited adhesion of conjugated polymers on solid substrates can limit the lifetime and performance of the devices ([@R19]--[@R24]). Upon mechanical deformation ([@R25]), sterilization ([@R26]), or prolonged charge injection ([@R23]), PEDOT can crack and delaminate from the substrate, significantly affecting the device performance. Electrochemically deposited PEDOT on neural probes has shown signs of similar mechanical failures after chronic implantations in vivo ([@R27], [@R28]). For implantable devices, the mechanical failures may lead to the loss of electroactivity and might also leave behind undesirable residue in the tissue. Although the film stiffness and strength can be improved through cross-linking ([@R29]), an important limitation is that, in the typical methods of preparation, there are no specific chemical interactions expected between the conjugated polymer and the inorganic substrate. The electrochemical deposition of solid conjugated polymers from precursor solutions of monomer onto various substrates is mainly driven by their limited solubility as the molecular weight increases. When the solubility of the conjugated polymer in the reaction solvent is increased, less satisfactory deposition or even no deposition is usually observed ([@R30], [@R31]). Furthermore, when the conjugated polymer films become thicker, they tend to be less adhesive to the underlying surface ([@R19]).

Several previous approaches intended to increase interfacial interactions have been shown to significantly improve the adhesion of conjugated polymers on solids. For example, roughened substrate surfaces provide mechanical interlocking for the better attachment of deposited materials ([@R32]). The adhesion and cycling stability of conducting polymer coatings can therefore be improved on fuzzy gold or laser-roughened platinum surfaces ([@R26], [@R33]). The relative surface energy of the substrate and the polymers themselves is also expected to play a role in polymer adhesion. For example, relatively hydrophilic conducting polymers, such as polypyrrole and polyaniline, would strongly adhere to hydrophilic substrates ([@R34]--[@R36]). Changing the surface chemistry of the substrate can tune the adhesion of conducting polymers. One such approach involves using bifunctional molecules to form self-assembled monolayers (SAMs) on the substrate through the well-known specific interactions between thiols and gold or platinum ([@R37], [@R38]). An SAM of monomer-functionalized thiols coated onto gold or platinum substrates resulted in improved adhesion of subsequently deposited conducting polymers ([@R39], [@R40]). Covalent bonding on substrates can also be achieved using monomer-functionalized silanes to form chemical bonds with metals or indium tin oxide (ITO) ([@R41]--[@R44]). Sadekar *et al*. reported methods for covalently anchoring an EDOT vinyl derivative (3,4-vinylenedioxythiophene) onto free-radical initiator (azobisisobutyronitrile)--functionalized surfaces, followed by chemical copolymerization with EDOT. The product was a highly adhesive PEDOT coating on these substrates ([@R45]).

Recently, electrografting has emerged as an effective strategy to significantly improve film adhesion by creating covalent chemical bonds between organic molecules and conducting solid substrates ([@R46]--[@R48]). The term "electrografting" describes a process in which an organic molecule is electrochemically oxidized or reduced, followed by the formation of metal-organic bonds at the substrate-polymer interface. The actual chemistry usually takes multiple steps. In general, an electron transfer process is involved ([@R46]). Electrografting stands out from other surface modification methods because of its high selectivity, efficiency, and versatility. The modification only happens on the conducting substrate where an external potential has been applied, making it possible to address small microelectrode surfaces or individual channels of patterned microelectrode arrays ([@R49]). Compared to the relatively slow SAM and silanization methods, surface modification through electrografting only takes several minutes. Furthermore, a variety of materials have been used as the conducting substrate, including gold, platinum, glassy carbon, stainless steel, nickel, silicon, and ITO ([@R46], [@R47], [@R50]).

The covalent bonds formed between the organic species and the substrate during electrografting have the advantage of having stronger bonding energies. Therefore, it is possible to create highly adherent conducting polymers on solid substrates with electrografting. For example, Jérôme's group ([@R51]) reported a two-step electrografting method to create chemisorbed conducting polythiophene or polypyrrole on a variety of substrates by first anchoring layers of methacrylate monomers. Further studies from this group demonstrated that these acrylate-modified surfaces supported the deposition of well-adherent poly(pyrrole-*co*-pyrrole-PEO) copolymers that were otherwise difficult to form because of the high solubility of the hydrophilic polyethylene oxide (PEO)--containing copolymer ([@R31]). In situ--generated pyrrole diazonium salt derivatives that were electrografted onto nickel surfaces were also reported ([@R52]). The resultant films had improved adhesion, although they served as a barrier to electrochemical transport ([@R52]). Oligothiophenes can also be grafted onto platinum and glassy carbon through similar means, forming a thin layer of an electroactive coating ([@R49]). Ouhib *et al*. ([@R53]) used this method to successfully graft poly(3-hexylthiophene) and polythiophene--polyethylene glycol/acrylate triblock copolymer micelles onto ITO substrates.

Here, we report a two-step approach to creating covalently bonded, strongly adherent, and highly conducting PEDOT films on metal and metal oxide (ITO) substrates. A methylamine-functionalized EDOT derivative, EDOT-NH~2~ ([@R54]), was synthesized and used as the anchoring layer. As shown in [Fig. 1](#F1){ref-type="fig"}, in the first step, EDOT-NH~2~ was covalently bonded onto the substrate through the electrografting of the amine moieties. This resulted in the formation of a thin, cross-linked, nonconjugated, yet electrically transparent P(EDOT-NH~2~)--based organic film on the substrate. The functional EDOT moieties in this film were then copolymerized with EDOT, forming a conjugated polymer that was covalently bonded on the substrates. The PEDOT film adhesion was greatly enhanced with this method. The chemical structure, electric properties, and morphology of the P(EDOT-NH~2~) anchoring layer were investigated in detail.

![Schematic representation of the adhesion-promoting layer.\
(**A**) PEDOT deposition on solid substrates. (**B**) PEDOT deposition on the electrografted P(EDOT-NH~2~) layer.](1600448-F1){#F1}

RESULTS
=======

The anodic potential scan of EDOT-NH~2~ in acetonitrile solution is shown in [Fig. 2](#F2){ref-type="fig"}. For platinum (Pt) electrodes, an oxidation current that initiated at +0.4 V and peaked at +1.1 V (versus Ag/AgCl) was found. For ITO, the corresponding peak positions were at +0.6 and +1.2 V, respectively. The shoulder in the peak suggests a two-electron transfer process, corresponding to the individual oxidations of the amine and EDOT moieties. It has been reported that the electrochemical oxidation of amines results in the immobilization of nitrogen-containing species onto a variety of substrates including carbon ([@R55]--[@R58]), platinum ([@R48]), gold ([@R59]), and ITO ([@R60]). As shown in [Scheme 2](#S2){ref-type="scheme"}, the proposed electrografting mechanism involves an electron transfer process through which an NH~2~ radical cation is generated. The cation then loses a proton on the neighboring CH group, resulting in a radical that equilibrates between the CH and NH groups. Through the aminyl radical, the molecule forms a chemical bond with the substrate ([@R46], [@R48]). Typically, the anodic peak current voltage for the reaction was found to be around +1 V versus Ag/AgCl, where primary amines show their largest reactivity ([@R48], [@R56]). The EDOT oxidation potential is about +1.2 V in acetonitrile, which is slightly higher than that of the amine (\~1.1 V). After introduction of the NH~2~ functional group, these two oxidations (the EDOT thiophene ring and the NH~2~ side group) may compete with each other. The radical cation may also react with the organic solvent, leading to insufficient deposition. In addition, when nonconjugated chemical structures were introduced, the rapid passivation of the substrate prevented the further deposition of the polymer ([@R51], [@R61]). Other functionalized EDOT derivatives, such as EDOT-Br, EDOT-acid, and EDOT-OH, can be readily polymerized into their corresponding P(EDOT-Br), P(EDOT-acid), and P(EDOT-OH) polymers through electrochemical methods. However, we found that the electrochemical oxidation of EDOT-NH~2~ in organic solutions or aqueous solution with organic dopants, such as polystyrene sulfonate (PSS) and tetrabutylammonium perchlorate, did not yield proper P(EDOT-NH~2~) film deposition. A similar finding was reported by Sun *et al*. ([@R62]). Even in an EDOT-NH~2~ and EDOT 1:1 (molar ratio) solution, uniform deposition could not be obtained.

![Wide potential scan in EDOT-NH~2~ solution.\
(**A**) Pt in EDOT-NH~2~ acetonitrile solution with 0.1 M tetrabutylammonium perchlorate (TBAP) as electrolyte (black solid line); Pt in 0.1 M TBAP acetonitrile supporting electrolyte (red dashed line). (**B**) ITO in EDOT-NH~2~ acetonitrile solution with 0.1 M TBAP as electrolyte (black solid line); ITO in 0.1 M TBAP acetonitrile supporting electrolyte (red dashed line). Potential was plotted against the Ag/AgCl pseudoreference electrode (−0.48 V versus ferrocene E~1/2~).](1600448-F2){#F2}

![Proposed electrografting mechanism of amines, adopted from Collazos-Castro *et al*. ([@R17]).](1600448-S2){#S2}

We did find, however, that uniform films of P(EDOT-NH~2~) could be reproducibly deposited in basic aqueous solutions (pH 9 to 10) of EDOT-NH~2~ with an overpotential of \~2 to 3 V. As shown in [Fig. 3](#F3){ref-type="fig"}, a white film formed on the substrate after the deposition. Unlike PEDOT films, the white P(EDOT-NH~2~) films have high absorption in the visible spectra from 400 to 600 nm. They also show an absorption maximum around 900 nm ([Fig. 3](#F3){ref-type="fig"}), probably due to polaron absorption. This white color and corresponding shifts in the UV-visible (UV-vis) spectra indicate that the usual conjugated backbone structure of PEDOT films has been significantly disrupted.

![P(EDOT-NH~2~) film coated on ITO.\
(**A**) Optical micrograph of the film edge. (**B**) UV-vis--near-infrared (NIR) spectrum of the film. (**C**) Fourier transform IR (FTIR) spectra of the EDOT monomer, the EDOT-NH~2~ monomer, and the P(EDOT-NH~2~) film.](1600448-F3){#F3}

A comparison of the FTIR spectra of the EDOT monomer, the EDOT-NH~2~ monomer, and the white P(EDOT-NH~2~) coating is shown in [Fig. 3C](#F3){ref-type="fig"}. First, the successful introduction of an NH~2~ group on the EDOT monomer side chain was confirmed by twin peaks near 3400 to 3300 cm^−1^ that are characteristic for N--H stretching. In addition, a shoulder peak at 1660 cm^−1^ appeared in the EDOT-NH~2~ monomer IR spectrum, which is consistent with primary amine N--H bending. The IR spectrum of EDOT-NH~2~--modified ITO confirmed the existence of amine-containing species on the surface. The N--H stretching peaks around 3400 to 3300 cm^−1^ became broad absorption on EDOT-NH~2~--modified ITO, as has been observed elsewhere ([@R48]), suggesting densely packed NH groups. In addition, a clear peak at 1650 cm^−1^ could be attributed to N--H deformation ([@R63]). Meanwhile, the 1580 cm^−1^ IR signal characteristic for C==C stretching was significantly reduced in P(EDOT-NH~2~), which is likely a result of the EDOT-NH~2~ radical reacting with the aromatic thiophene ring.

The surface composition of the P(EDOT-NH~2~) film was further characterized with x-ray photoelectron spectroscopy (XPS). As shown in [Fig. 4](#F4){ref-type="fig"}, a survey scan showed that during P(EDOT-NH~2~) deposition, the original indium and tin signals disappeared and strong N 1s and S 2p peaks appeared on the surface. The main elemental components of the P(EDOT-NH~2~) film were oxygen, nitrogen, carbon, and sulfur, which are consistent with the XPS study and confirmed that this polymer film was of the expected composition.

![XPS of (A) bare ITO and (B) EDOT-NH~2~--coated ITO.](1600448-F4){#F4}

To test the solubility of the P(EDOT-NH~2~) films, the modified ITO was immersed in acetonitrile, chloroform, and ethanol for 24 hours. It was found that these organic solvents could neither dissolve the film nor remove it from the solid substrate. In addition, we found that the P(EDOT-NH~2~) film could not be removed by extended ultrasonication in water.

The morphology of P(EDOT-NH~2~) films was observed with scanning electron microscopy (SEM). As shown in [Fig. 5](#F5){ref-type="fig"}, at lower deposition charges (9 mC/cm^2^), only a thin layer of film could be found on the ITO substrate. The grainy surface texture of the polycrystalline ITO was still visible under the film. With increased deposition charge (72 mC/cm^2^), thin bumpy layers were deposited on the substrate. Nanometer-sized pores were relatively uniformly distributed on the P(EDOT-NH~2~) films. Further increases in the deposition charge led to a diminished density of the nanopores, resulting in a dense, bumpy, yet otherwise featureless film. A scratch test on the film obtained at a deposition charge of 72 mC/cm^2^ revealed that the thickness of the film was around 1 μm (fig. S1A). In addition, focused ion beam (FIB)--SEM, used to study the cross section of the P(EDOT-NH~2~) film, demonstrated that the film was highly sensitive to the gallium ion beam. As shown in fig. S1 (B and C), the surface layer of the film was quickly removed by the imaging beam, leaving an approximately 200-nm-thick residue. Multiple pores were distributed in the residue. These pores were similar in size to the bumps in the original film, which may suggest the underlying structure of the P(EDOT-NH~2~) film on ITO.

![SEM images of P(EDOT-NH~2~) films deposited at different charge densities.\
Scale bars, 5 μm.](1600448-F5){#F5}

The P(EDOT-NH~2~) films were deposited on platinum microelectrodes with different deposition charges. As shown in [Fig. 6](#F6){ref-type="fig"}, although an optically thick EDOT-NH~2~ film was produced at a deposition charge of 72 mC/cm^2^, the film did not significantly block the charge transport of the electrodes. From 36 to 144 mC/cm^2^, the impedance amplitudes over 1 to 100 kHz of the modified platinum electrodes were essentially the same as those of the bare ones. For much thicker films (\~288 mC/cm^2^ charge and above), the impedance significantly increased at higher frequencies, indicating that the thick coating eventually hinders charge transport.

![Electroactivity of P(EDOT-NH~2~) on platinum electrodes.\
(**A**) Impedance spectra of EDOT-NH~2~ coatings at different deposition charge densities. (**B**) Impedance spectra of EDOT-NH~2~ coatings at different depostion charge densities. (**C**) Charge storage capacity (CSC) of P(EDOT-NH~2~) coating at different deposition charge densities.](1600448-F6){#F6}

A comparison of the impedance amplitudes at the neurologically relevant temporal frequency of 1 kHz is shown in [Fig. 6C](#F6){ref-type="fig"}. The impedance of EDOT-NH~2~--modified electrodes at 1 kHz was similar to that of the bare electrode. At a higher deposition charge (576 mC/cm^2^), the impedance increased from around 350 to 550 ohms. On the other hand, the deposition of EDOT-NH~2~ on Pt electrodes slightly decreased the charge storage capacity (CSC) of the electrode. At 576 mC/cm^2^, the CSC decreased from 3.05 ± 0.28 mC/cm^2^ to 1.96 ± 0.35 mC/cm^2^. This decrease in CSC shows that, unlike PEDOT, the EDOT-NH~2~ films were not electroactive. However, both the impedance spectra and the cyclic voltammetry (CV) testing showed that, for sufficiently thin P(EDOT-NH~2~) films, charge transport between electrode and the electrolyte was not significantly impeded.

The adherent P(EDOT-NH~2~) coating provides an excellent anchor layer for subsequent PEDOT electrochemical polymerization. First, the same amount of charge was used to deposit PEDOT onto ITO substrates that were modified with P(EDOT-NH~2~) films of different charges (thicknesses). As shown in fig. S2, uniform dark blue PEDOT films could be readily polymerized on the EDOT-NH~2~ films. When PEDOT films deposited from a fixed deposition charge of 72 mC/cm^2^ on to 9, 18 and 72 mC/cm^2^ P(EDOT-NH~2~) films respectively, all the films showed similar blue colors. However, there seemed to be considerably less PEDOT deposition on the 144-mC/cm^2^ P(EDOT-NH~2~) film. The film became just slightly colored after PEDOT deposition at 72 mC/cm^2^.

Next, PEDOT of various deposition charges was polymerized onto P(EDOT-NH~2~) films prepared under the same deposition charge (72 mC/cm^2^). As shown in [Fig. 7](#F7){ref-type="fig"}, at a low PEDOT deposition charge (4 mC/cm^2^), only a slight blue tone appeared on the surface. Closer examination under SEM showed that the film seemed to shrink first, leaving multiple pores on the surface. It is surmised that the volume shrinkage \[possibly caused by the reaction between the EDOT monomer and EDOT moieties in the P(EDOT-NH~2~) film, which became cross-linked\] resulted in the collapse of the polymer network. At 9 mC/cm^2^, the blue color became optically deeper. SEM images showed that both the pore size and density also increased. At 72 mC/cm^2^, \~1-μm PEDOT bumps were found on the film. The density of these PEDOT bumps greatly increased at 144 mC/cm^2^.

![SEM images of PEDOT of different deposition charge densities deposited on P(EDOT-NH~2~) with the same deposition charge density (72 mC/cm^2^).\
The insets show the optical image of the depositions on ITO (7 mm wide). Scale bars, 10 μm.](1600448-F7){#F7}

To evaluate the electrical properties of PEDOT deposited on P(EDOT-NH~2~)--modified substrates, we used a 16-channel NeuroNexus "Michigan"-style neural probe with 413-μm^2^ iridium recording electrodes. First, six recording electrodes were coated with P(EDOT-NH~2~) films at a deposition charge of 1 C/cm^2^. Consecutive PEDOT depositions at the same charge density were then performed. Bare electrodes and 1-C/cm^2^ PEDOT--coated electrodes served as control groups. As shown in [Fig. 8](#F8){ref-type="fig"}, the successful depositions were confirmed by a dark layer of film observed on the metal electrodes. These soft conducting coatings had large effective surface areas that markedly enhanced the charge transport of the electrodes. As shown in [Fig. 8B](#F8){ref-type="fig"}, the PEDOT coatings decreased the impedance of the metal electrodes over the entire frequency spectrum. At lower frequencies, a two-order decrease of impedance amplitude was found. Although P(EDOT-NH~2~) depositions were performed at the same deposition charge, the impedance of P(EDOT-NH~2~)--modified electrodes was close to that of the bare electrodes. Another layer of PEDOT deposition at 1 C/cm^2^ on the P(EDOT-NH~2~)--modified electrodes, like PEDOT, decreased the impedance by one to two orders of magnitude. At 1 kHz, the impedance of the bare electrode was 304 ± 172 kilohms. P(EDOT-NH~2~) modified electrodes had an impedance of 309 ± 41 kilohms. After coating with PEDOT, the impedance of bare Ir electrodes dropped to 20 ± 4 kilohms, while that of EDOT-NH~2~--modified electrodes was 17 ± 5 kilohms. Because impedance magnitude is also a function of electrode area, we normalized the impedance magnitude by defining the surface normalized value *Z′* = *Z·A*, where *Z* is the measured impedance amplitude at a given frequency and *A* is the electrode area. At 1 kHz, the surface normalized impedance for bare Ir, P(EDOT-NH~2~) film--modified Ir, PEDOT on Ir, and PEDOT on P(EDOT-NH~2~)--modified Ir was calculated to be 1.26 × 10^8^, 1.28 × 10^8^, 8.26 × 10^6^, and 7.02 × 10^6^ ohms μm^2^, respectively.

![PEDOT and PEDOT-P(EDOT-NH~2~) depositions on microelectrodes.\
(**A**) Optical micrograph of (i) bare NeuroNexus electrodes, (ii) PEDOT-coated electrodes, and (iii) PEDOT on EDOT-NH~2~--modified electrodes. Scale bar, 100 μm. (**B**) Average impedance spectra of PEDOT, P(EDOT-NH~2~), PEDOT on P(EDOT-NH~2~), and bare electrodes. (**C**) Impedance magnitude at 1 kHz of the three polymer coatings and the bare electrodes. (**D**) CV of PEDOT, PEODT on P(EDOT-NH~2~), and bare electrodes. (**E**) CSC of PEDOT, PEDOT on P(EDOT-NH~2~), and bare electrodes.](1600448-F8){#F8}

PEDOT coatings greatly improved the CSC of the bare electrodes as well. As shown in [Fig. 8D](#F8){ref-type="fig"}, when compared to the bare electrodes, the CV of bare electrodes showed a large capacitance. The CSC of the bare electrodes was found to be 0.91 ± 0.23 mC/cm^2^. PEDOT increased the CSC of the system to 6.72 ± 0.74 mC/cm^2^. PEDOT on P(EDOT-NH~2~)--modified electrodes showed a comparable CSC of 7.85 ± 0.44 mC/cm^2^.

This electrochemical stability of PEDOT on the P(EDOT-NH~2~) film was evaluated with CV. As shown in [Fig. 9](#F9){ref-type="fig"}, 300 cycles of CV between −0.6 and +0.8 V were performed on PEDOT grown on P(EDOT-NH~2~)--modified ITO. It was found that the impedance increased after each CV cycling. Initially, the impedance at 1 Hz dropped from \~2000 ohms (1.0 × 10^11^ ohms μm^2^) for P(EDOT-NH~2~)--modified ITO to \~100 ohms (0.5 × 10^9^ ohms μm^2^) after PEDOT deposition. After 100, 200, and 300 cycles of CV, it increased to \~200, \~600, and \~800 ohms, respectively. Accompanying the decrease in conductivity was a corresponding decrease in CSC. As shown in [Fig. 9](#F9){ref-type="fig"} (right), the integrated area during CV decreased considerably after the first 100 cycles. It continued to decrease during consecutive sweepings, which suggests some loss of conducting material from the electrode surface.

![Electrochemical stability of PEDOT on P(EDOT-NH~2~).\
(**A**) Impedance spectra of 72-mC/cm^2^ PEDOT on 72-mC/cm^2^ P(EDOT-NH~2~)**--**coated ITO before and after 100, 200, and 300 cycles of CV scans. (**B**) CV changes during scanning.](1600448-F9){#F9}

The adhesion of PEDOT/P(EDOT-NH~2~) coatings on ITO was evaluated in an aggressive mechanical test. The film on ITO was subjected to sonication at 25°C for 1 hour. As shown in [Fig. 10](#F10){ref-type="fig"}, only minimal material loss was found on the ITO substrate, while PEDOT alone on ITO quickly dissipated under sonication after just 5 s. These results strongly indicate that electrografting of P(EDOT-NH~2~) is a powerful method to create highly adherent, covalently bonded coatings of PEDOT on the metal and metal oxide substrates.

![Ultrasonication tests on PEDOT films.\
(**A**) PEDOT coating on ITO before (left) and after (right) 5 s of ultrasonication. (**B**) PEDOT on P(EDOT-NH~2~)--modified ITO before (left) and after (right) 1 hour of ultrasonication. The width of the ITO glass slides is 0.7 cm.](1600448-F10){#F10}

DISCUSSION
==========

The goal of this study was to create strongly adherent PEDOT coatings on inorganic solid conducting substrates via a two-step reaction. First, an EDOT derivative, EDOT-NH~2~, was deposited into a cross-linked, adherent, electron-transparent P(EDOT-NH~2~) thin film on the electrode surface using electrografting. Second, PEDOT was polymerized on the P(EDOT-NH~2~)--modified electrodes to form electrically active films that were strongly mechanically anchored to the surface through the P(EDOT-NH~2~) adhesion layer.

It is worth mentioning that the spontaneous absorption of amines on metal and glassy carbon surfaces was clearly demonstrated only recently, by Gallardo *et al*. ([@R63]). There was also evidence that this absorption was through a chemical bond formed between the metal and the nitrogen. A wide range of amines can form this kind of adsorption. However, it is a relatively slow process, and it is unlikely that more than a monolayer of coating would be deposited.

On the other hand, the electrografting of amines provides an efficient route to covalently anchor organic molecules onto a variety of conducting substrates with adequate surface coverage. Electrografting can be performed at relatively low oxidation potentials, and the reaction is quick ([@R64]). The electrografting of the amine competes with the oxidation of EDOT. Because the EDOT oxidation requires a slightly higher oxidation potential of +1.2 V, the electrografting of the amine will predominate. This conclusion is supported by our observation that the deposited polymers only showed evidence for limited backbone conjugation in UV-vis spectroscopy and showed a white color.

White P(EDOT-NH~2~) films (with a thickness of up to 1 μm) were deposited by electrochemically oxidizing EDOT-NH~2~ from aqueous solutions under slightly basic conditions. The P(EDOT-NH~2~) film was likely anchored directly onto the substrate via covalent bonds, as was evident from the fact that neither organic solvents nor ultrasonication could remove the film. The composition of oxygen, sulfur, carbon, and nitrogen was confirmed by XPS. The presence of NH~2~ and C=C bonds was verified by FTIR spectroscopy.

Amine films generated through electrografting methods are usually restricted to monolayer or nanometer thicknesses ([@R48], [@R56], [@R65]) because of the high impedance of the electrode after initial deposition (passivation) ([@R66]). The micrometer-range thickness of these P(EDOT-NH~2~) films indicates that the material can be deposited well beyond a monolayer. Therefore, a cross-linked polymer multilayered network is a better description of its overall chemical structure.

Multilayer structures for electrografted polymers have been previously described, such as in the case of aryl diazonium electrografting ([@R67]). A proposed mechanism was that, under the reducing current, aryl radicals were generated ([@R68]). These radicals could either attach onto the substrate through organic-metal covalent bonds or react with already bonded species, forming a polymer network ([@R48], [@R68]). Still, the polymer films in this previous study were nominally only 20 to 30 nm thick ([@R69]), possibly due to their highly insulating nature. The passivation of electrodes was confirmed by the general current decrease after the first voltammogram scan. It was also supported by the marked impedance increase after electrografting. For example, 240 s of 4-nitrophenyldiazonium electroreduction on glass carbon increased the charge transfer resistance of the substrate from 422 to 1.3 × 10^6^ ohms ([@R70]). Because the charge transport of the system was blocked by the insulating film, less organic molecules in the solvent could be subsequently activated. As a result, the growth of multilayer film was limited. When the grafting mechanism allows the formation of a conjugated polymer multilayer, the blocking effect was mitigated. Much thicker films can then be formed ([@R71]).

Multilayer structures in the amine electrografting have been even less intensively studied. Buriez *et al*. described a multilayer deposition mechanism of pi-conjugated amino-ferrocifen, in which the activated amine radicals in the solution were added to already grafted molecules, similar to aryl network formation from reduced aryl diazonium. In their case, potentiostatic depositions at 0.9 V for 30 min produced films with a thickness of 85 ± 7.0 nm ([@R59]). The limiting factor of the film growth could still be the quick passivation of the electrode. Bardini *et al.* found that an approximately 10-nm electrografted allylamine was enough to induce a huge charge transfer resistance ([@R66]). However, thick nonconjugated polyethylenimine coatings (\~30 μm) on p-Si were reported by Herlem *et al*. ([@R72]). In their method, high overpotential (0 to +10 V) voltammogram scans were used to produce thick films. Despite the film obtained from the first scan, the passivation of the electrodes was still evident from the rapid drop of current response at the second voltammogram scan.

The EDOT-NH~2~ electrografting used to form P(EDOT-NH~2~) under galvanostatic conditions studied here is likely to follow a similar mechanism. The EDOT aminyl radicals are generated first. These radicals would be anchored onto the conducting substrates. The further activated radicals in the solution coupled onto the EDOT moieties on the grafted molecules, forming the nonconjugated, cross-linked P(EDOT-NH~2~) polymer. Continued film growth requires sufficient charge transport to oxidize the EDOT-NH~2~ molecules in the solution, which is infeasible for a passivized electrode. Two sources may provide the necessary charge transport through the film to the monomer solutions. First, electrografting was not uniform on the substrate. During the multilayer growth, pinholes were formed, which allowed for sufficient charge transport. Because there are competing reactions between the EDOT oxidation and NH~2~ oxidation, the conjugated P(EDOT-NH~2~) polymer or oligomers may also be formed. In the polymer matrix, these conjugated polymers may serve as "molecular wires" for the charge conduction through the film. The real structure is likely a complex hybrid polymeric film.

Impedance spectra demonstrated that the electrografted P(EDOT-NH~2~) film allowed sufficient charge transport because the modified electrodes had nearly identical impedance spectra with the bare substrates. Only at a much higher deposition charge was a slight increase of impedance found. Because they are not insulating to the substrate, the P(EDOT-NH~2~) films are a suitable adhesion-promoting layer for the electrochemically deposited PEDOT.

The strong attachment of the electrografted P(EDOT-NH~2~) layer to the substrate supports the assertion that covalent bonds exist between them ([@R46]). It was found that PEDOT could grow on the P(EDOT-NH~2~) films of various thicknesses. Optically denser PEDOT depositions were found on relatively thinner P(EDOT-NH~2~) films, suggesting that thicker P(EDOT-NH~2~) coatings might not support efficient PEDOT growth. At low deposition charge densities, holes were found on P(EDOT-NH~2~) films, which may be a result of film shrinkage induced by the polymerization of the EDOT moieties. PEDOT particles growing inside the holes and on the P(EDOT-NH~2~) film were observed. The result was a bumpy PEDOT morphology anchored on the ITO substrate. PEDOT deposited on the P(EDOT-NH~2~)--modified microelectrode had similar low impedance to PEDOT on unmodified electrodes.

Repeated charge injection is required for chronic neural stimulations, a fact that poses problems for the mechanical stability of conducting polymer coatings: During charge injection, the polymers are reduced and oxidized, leading to conformational changes of the polymer chain as well as dopants dissociating and associating with the polymer matrix. Volume changes have also been observed ([@R73]). The possibility of overoxidation under high voltage may also cause polymer degradation. Both processes likely contribute to the delamination and cracking of the polymer material. We found moderate electrochemical stability of the PEDOT growing on P(EDOT-NH~2~)--modified ITO. The loss of materials under CV cycling was evident from electrochemical impedance spectroscopy (EIS) and the integrated area of the CV curve. However, when compared to PEDOT coatings on bare ITO, which became delaminated as a "freestanding" film after 300 cycles of CV, P(EDOT-NH~2~) coatings provided significantly improved mechanical stability.

An aggressive mechanical test was performed on PEDOT and PEDOT on P(EDOT-NH~2~) films by subjecting them to ultrasonication. The superior adhesion of the P(EDOT-NH~2~) became immediately obvious because the PEDOT on ITO \[without P(EDOT-NH~2~)\] was shattered after only 5 s of sonication, whereas PEDOT on P(EDOT-NH~2~) films remained relatively intact after 1 hour. This test again indicates that there were covalent bonds formed between the P(EDOT-NH~2~) anchoring layer and the substrate as well as the P(EDOT-NH~2~) anchoring layer and PEDOT.

CONCLUSIONS
===========

We designed and evaluated a method of electrochemically grafting a P(EDOT-NH~2~) polymer onto conducting solid substrates, such as platinum, iridium, and ITO. The nonconjugated, cross-linked polymer film was insoluble in common organic solvents and was extremely adherent to the inorganic substrate. XPS showed that the P(EDOT-NH~2~) contains the nitrogen, carbon, and sulfur expected from its chemical composition. FTIR spectra revealed a chemical structure similar to the EDOT-NH~2~ monomers. The formation of the P(EDOT-NH~2~) polymer presumably occurred through the addition of activated aminyl radicals with the thiophene rings of already anchored EDOT-NH~2~ molecules. When coated on the conducting substrates, the polymer sufficiently covered the surface of these substrates. Although the P(EDOT-NH~2~) films can be grown into micrometer-thick layers, they did not significantly block (or enhance) the charge transport of the system. Subsequent PEDOT polymerization was performed on P(EDOT-NH~2~)--modified substrates. The end result was highly conducting and strongly adherent conducting polymer films on either metals or metal oxides.

MATERIALS AND METHODS
=====================

Chemical synthesis
------------------

For the synthesis of EDOT-Br (**1**), 3,4-dimethoxythiophene (3.2 g, 22 mmol; Sigma-Aldrich) was dissolved in 15 ml of dry toluene in a three-neck flask equipped with a stir bar. *p*-Toluenesulfonic acid monohydrate (0.15 g; Sigma-Aldrich) was added into the solution. The temperature was increased to 90°C. Under reflex and the protection of argon, 4.9 g (31 mmol) of 3-bromo-1,2-propanediol in 15 ml of toluene solution was added dropwise through an additional funnel. After addition, the mixture was allowed to react for 16 hours at 90°C before another 4.9 g of 3-bromo-1,2-propanediol in 15 ml of toluene was added. It was allowed to react for another 3 hours. The mixture was cooled down to RT. The solvent was removed by rotary evaporation, and the solids were redissolved in chloroform. It was washed three times with saturated NaHCO~3~ solution (Thermo Fisher Scientific), followed by washing three times with deionized (DI) water. The organic layer was dried under MgSO~4~ (Thermo Fisher Scientific). After filtration, the solvent was removed by rotary evaporation. The product was purified with chromatography (eluent: dichloromethane/hexane, 3:2). ^1^H NMR (400 MHz, CDCl^3^): δ = 6.40-6.38 (dd, ^4^*J* = 4.0 Hz, 2H, S-CH); 4.5-4.1 (m, 3H, O-CH~2~-CH-O); 3.6-3.5 (m, 2H, CH^2^-Br). ^13^C NMR (100 MHz, CDCl~3~): δ =141.1; 140.7; 100.2; 72.6; 66.2; 28.6.

For the synthesis of EDOT-N~3~ (**2**), the procedure was adopted from Daugaard *et al*. ([@R74]). Briefly, 0.22 g (0.9 mmol) of **1** was dissolved in 10 ml of DMF in a round-bottom flask equipped with a stir bar. NaN~3~ (0.08 g, 1.2 mmol; Thermo Fisher Scientific) was then added. The mixture was stirred at RT for 17 hours. It was then diluted in 15 ml of DI water. The mixture was then extracted five times with ethyl acetate (Thermo Fisher Scientific). The organic layer was washed three times with DI water and once with brine. It was dried against MaSO~4~ (Thermo Fisher Scientific). The solvent was removed by rotary evaporation. The product was slightly yellow oil. ^1^H NMR (400 MHz, CDCl~3~): δ = 6.42/6.38 (dd, ^4^*J* = 4.0 Hz, 2H, S-CH); 4.4-4.0 (m, 3H, O-CH~2~-CH-O); 3.7-3.5 (m, 2H, CH~2~-N~3~). ^13^C NMR (100 MHz, CDCl~3~): δ = 141.1; 140.7; 100.3; 100.2; 72.5; 65.8; 50.5.

For the synthesis of EDOT-NH~2~ (**3**), the procedure was adopted from Tansil *et al*. ([@R54]). In a two-neck flask that was equipped with a condenser and a stir bar, 1.43 g (7.2 mmol) of **2** was dissolved in 25 ml of tetrahydrofuran (THF) (Sigma-Aldrich). Protected under argon, 2.08 g (7.9 mmol) of triphenylphosphine was added. The system was heated at 50°C and allowed to react for 1 hour before 25 ml of 2 M NaOH was added. After reacting at 50°C for another 2 hours, the reaction mixture was cooled down to RT. Concentrated HCl was slowly added until the pH value was smaller than 3. THF was removed by rotary evaporation. The mixture was washed three times with dichloromethane. The aqueous layer was then adjusted to pH \>10 with 2 M NaOH solution. The mixture was extracted three times with dichloromethane. The organic layer was combined and dried against MgSO~4~ and dried under rotary evaporation. The product was yellowish oil. ^1^H NMR (400 MHz, CDCl~3~): δ = 6.36/6.34 (dd, ^4^*J* = 4.0 Hz, 2H, S-CH); 4.25-4.0 (m, 3H, O-CH~2~-CH-O); 3.0-2.9 (m, 2H, CH~2~-N), 1.5 (broad s, 2H, NH~2~). ^13^C NMR (100 MHz, CDCl~3~): δ = 141.7; 141.6; 100.0; 99.6; 75.2; 66.6; 42.3.

Electrochemical depositions
---------------------------

The electrografting and electrochemical depositions were performed on an Autolab PGstat12 Potentiostat/Galvanostat (Eco Chemie) in a glass cell equipped with a platinum wire as the counter electrode. The electrografting of EDOT-NH~2~ films was performed in slightly basic EDOT-NH~2~ aqueous solutions (0.02 M aqueous solution, pH 9 or 10). The electrochemical deposition of PEDOT was performed in 0.01 M EDOT with 0.02 M PSS (Sigma-Aldrich) as counter ion. Pt microelectrodes (0.02 cm^2^; Bioanalytical Systems Inc.), ITO glass (0.5 cm^2^; Delta Technologies), or 16-channel NeuroNexus A style electrodes (Ir, 144 μm^2^) were used as working electrodes. For electrografting, a current density of 40 μA/cm^2^ was used. For electrochemical depositions, a current density of 80 μA/cm^2^ was used.

Characterization
----------------

CV characterizations of polymer films were performed on the same Autolab PGstat12 Potentiostat/Galvanostat. The tests were performed in 1× monomer-free phosphate buffered saline (PBS) solution with an Ag/AgCl glass body electrode (Thermo Fisher Scientific) as the reference. The scan rate was 100 mV/s.

EIS was performed in an electrochemical cell installed with a platinum foil as the counter electrode. Monomer-free PBS was used as the electrolyte. The same Autolab was used. For EIS measurement, a bias of 0.01 V versus Ag/AgCl was applied. The frequency range between 1 and 100 kHz was scanned. Attenuated total reflectance FTIR (ATR-FTIR) spectroscopy was performed on a PerkinElmer Spectrum 100 ATR-FTIR spectrometer. UV-vis-NIR spectra were collected on a Shimadzu UV-3600 UV-VIS-NIR spectrophotometer.

FIB-SEM was performed on an Auriga 60 CrossBeam FIB-SEM (Carl Zeiss). For SEM imaging, an acceleration voltage of 3 kV was used. For FIB milling, a 20-pA gallium ion beam was applied.

![Synthesis route of 2-aminomethyl EDOT (EDOT-NH~2~).\
Conditions: 1: *p*-toluenesulfonic acid, toluene, 90°C, 16 hours; 2: NaN~3~, DMF (*N*,*N*′-dimethylformamide), room temperature (RT), 17 hours; 3: triphenylphosphine, NaOH, 50°C.](1600448-S1){#S1}
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fig. S1. Cross section of P(EDOT-NH~2~) deposited on ITO.

fig. S2. PEDOT deposition at 72 mC/cm^2^ on P(EDOT-NH~2~) anchoring layers that have different thicknesses.

fig. S3. Scratch tests on PEDOT on ITO and PEDOT on P(EDOT-NH~2~)--modified ITO surface.
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